SCHULTZ, STANLEY G. Homocellular regulatory mechanisms in sodiumtransporting epithelia: avoidance of extinction by "flush-through." Am. J.
Physiol. 241 (Renal Fluid Electrolyte
Physiol. 10): F579-F590, 1981.-In recent years electrophysiologic studies on several sodium-transporting epithelia have uncovered two "homocellular" (intrinsic) regulatory mechanisms that appear to protect the absorptive cells from marked changes in sodium and potassium content in response to rapid and wide-ranging physiologic variations in the rate of transcellular sodium transport. These are: 1) an inverse relation between intracellular sodium activity and the sodium conductance of the apical (mucosal) membrane, and 2) a parallel relation between the rate of sodium extrusion from the cell across the basolateral membrane ("pump activity") and the conductance of that barrier to potassium. The purpose of this review is to document these homocellular regulatory mechanisms, discuss their physiologic significance, and speculate on possible underlying mechanism(s).
electrophysiology; urinary bladder rabbit colon; Necturus urinary bladder; frog skin; rabbit VIRTUALLYALLOFOURCURRENT thinkingregardingthe cellular basis of active Na transport by epithelia rests firmly on the double-membrane model proposed more than two decades ago by Koefoed-Johnsen and Ussing (25) and illustrated in Fig. 1 . The beauty of this model and certainly one of the reasons for its almost immediate elevation to the status of a paradigm is that it did not invoke more "demons" than had been previously invoked to explain ion transport by nonepithelial cells, namely, pumps and leaks. It simply segregated pumps and leaks, and, by localizing the Na leak to the apical (outer or mucosal) membrane and everything else (i.e., the Na-K pump and the K leak) to the basolateral (inner or serosal) membrane, the model could account for the low intracellular Na activity, (Na),, and the high intracellular K activity, (K),, characteristic of almost every cell in higher animals, as well as active Na absorption.
Over the ensuing years, the fundamental tenets of this model have survived extensive examination with the need for only minor modifications.
The general picture today is that the properties of the basolateral membranes of a variety of Na-transporting epithelia are similar and qualitatively resemble those of the erythrocyte or resting squid axon, inasmuch as they possess a rheogenic Na-K active pump mechanism and the passive permeability to K markedly exceeds that to Na (cf Ref. 40 ). In addition, there is a growing body of evidence for a Na-Ca counter-
The Koefoed-Johnsen-Ussing model is, at first glance, disarmingly simple. But, upon deeper reflection, it raises a number of problems. Unlike symmetrical cells whose 0363-6127/81/0000-0000$01.25 Copyright 0 1981 the American Physiological Society transport mechanism at this barrier in some epithelia (18, 31, 51, 52). It is the apical membrane, physically isolated from the basolateral membrane by junctional complexes, that endows different Na-transporting epithelia with their distinctive characteristics. In high-resistance ("tight") epithelia that are specialized to bring about Na absorption against considerable transepithelial electrochemical potential differences (e.g., amphibian skin and urinary bladder; mammalian colon, distal nephron, and urinary bladder), the apical membrane is permselective to Na by virtue of an amiloride-inhibitable mechanism that will be discussed below. In some low-resistance ("leaky") epithelia, such as small intestine and renal proximal tubule, the apical membrane possesses carrier mechanisms that mediate rheogenic Na-coupled cotransport of hexoses or sugars, amino acids, and a variety of other nonelectrolytes into the cell (47) as well as mechanisms that result in the neutral entry of Na and Cl (10). However, although the mechanisms responsible for Na entry into epithelial cells may differ, the common denominator is that Na moves across the apical membrane down a steep electrochemical potential difference only to be extruded across the basolateral membrane against an equally steep, or steeper, potential energy barrier. respectively, the Na and K contents of this cell layer would be 0.02 and 0.24 peq/cm2, respectively. Now, if, for the sake of argument, the rate of Na absorption is approximately 1 peq. crnW2. h-l, then the amount of Na that must enter and leave the cell layer every minute is approximately equal to the total intracellular Na content of the layer! If the coupling ratio of the Na:K exchange pump at the basolateral membrane is 3:2, as appears to be the case for a number of nonepithelial (15) and some epithelial (24, 34, 43) cells, then 0.7 r_Leq of K will enter this cell layer every hour; this value is 3 times the total K content of the layer! Now, this need not pose a problem if the rate of Na absorption by such epithelia were constant; "nature" will have adjusted matters so that the pumps and leaks for Na and K are "suitable" for the maintenance of a steadystate ionic composition and volume consistent with survival. But, this is not the case! Instead, the rate of Na absorption by epithelia may change rapidly and may vary over a very wide range. For one example, the addition of actively transported sugars or amino acids to the solution bathing the apical (mucosal) surface of small intestine and renal proximal tubule results in a rapid increase in the rate of transepithelial Na transport; in the case of rabbit ileum, a more than twofold increase in the rate of Na entry into the cells across the apical membrane is achieved within a fraction of a second (50; and H. Nellans and S. G. Schultz, unpublished observations). Somewhat slower but equally large increases in the rate of Na entry and transcellular transport are elicited by S. G. SCHULTZ antidiuretic hormone and aldosterone in some Na-transporting epithelia (cf. Refs. 29,40).
Clearly, the pump and leaks at the opposing faces of these epithelial cells must be closely and rapidly coordinated by some intracellular dialogue(s) to permit these physiologic surges in transcellular Na transport without threatening the cell with massive increases in ionic content and volume and, ultimately, extinction.
In recent years, electrophysiologic studies of several epithelia have uncovered two intrinsic or "homocellular"' mechanisms that appear capable of protecting intracellular Na and K composition in the face of large changes in the rate of transcellular Na absorption. The first involves a feedback between intracellular Na activity, (Na),, and the Na conductance of the apical membrane, ( GFa). The second involves a parallel relation between pump activity and the conductance of the basolateral membrane, which appears to be due to changes in the conductance of that barrier to K (Gk) .
Neither of these homocellular regulatory mechanisms is well understood at this time. In recent years, electrophysiologic studies of the mechanism of Na entry across the apical membrane of some tight Na-transporting epithelia have provided strong evidence for the notion embodied in the Koefoed-JohnsenUssing "double-membrane" model illustrated in Fig. 1 to the effect that Na entry is directed down a steep electrochemical potential difference and is, in all likelihood, the result of simple electrodiffusion.
The current-voltage relation of this amiloride-sensitive entry process for rabbit descending colon (53, 54) and Necturus urinary bladder (S. M. Thompson, Y. Suzuki and S. G. Schultz, unpublished observations), determined employing intracellular microelectrodes, conform to the predictions of the Goldman-Hodgkin-Katz "constant field" flux equation (16, 23) over a wide range and are consistent with an intracellular Na activity that is much lower than the Na activity in the mucosal solution (Fig'. 2, A Obviously, according to equation 1, changes in the rate of Na entry may be the result of changes in the conductance of the pathway, changes in the driving force for the entry process, or a combination of both. However, as illustrated in Fig. 3 , in the four instances in which data bearing on this matter are available, there is a linear relation between oG$& and ISC over a wide range. These data indicate that spontaneous variation in the rate of Na transport over a wide range, under short-circuit conditions, are solely the result of parallel variations in the apical Na conductance and that the thermodynamic driving force for Na entry into the cell is somehow maintained remarkably constant. We will return to this point below.
Effect of Cell Sodium on G&
In 1961, MacRobbie and Ussing (41), studying the osmotic behavior of frog skin, noted that inhibition of . active Na transport with G-strophanthidin or by lowering the pH of the inner bathing solution resulted in a decrease in the passive permeability of the outer-facing (mucosal or apical) membrane to Na and the inner-facing (serosal or basolateral) membrane to K and concluded with the prescient remark: "It may be that any interference with the pump mechanism is accompanied by a decrease in passive permeabilities to ions and that the active ion transport and the passive fluxes are not entirely independent." Since then, compelling evidence has been presented that some procedures that bring about an increase in cell Na (and a decrease in cell K) result in an increase in the apical membrane resistance (21,27,33), a decrease in the amiloride-inhibitable Na conductance of that barrier (56), and/or a decrease in unidirectional Na influx from the mucosal or outer solution (1, 4, 6, 7, 56) into the epithelial cells. Such procedures include exposure of the tissue to metabolic inhibitors (1, 27, 33), ouabain (21, 27, 33, 56), or a K-free serosal solution (4, 7), and exposure of the tissue to amphotericin B (56); the first three procedures increase cell Na by inhibiting the active extrusion mechanism at the basolateral membrane, whereas the latter increases cell Na by disrupting the permselective properties of the apical membrane (8, 17, 37, 45). Graf and Giebisch (17) have shown that in the presence of this fungicidal agent intracellular Na activity, (Na),, approaches that of the mucosal solution.
Conversely, decreasing cell Na by exposure of the tissue to a Na-free medium increases the amiloride-sensitive apical membrane conductance. Figure 4 illustrates the amiloride-sensitive short-circuit current and the amiloride-sensitive tissue conductance (i.e., the conductance of the active Na transport pathway, &J of rabbit descending colon after tissues that had been depleted of Na were exposed to a normal Ringer solution containing 140 mM Na (56). Immediately after the Na concentration in the bathing medium is increased from 0 to 140 mM, the amiloride-sensitive transcellular current, which represents the Na current across the apical membrane2 (13J, is maximal and then declines as a single exponential function of time (56) to the steady-state value. This transient is precisely paralleled by a decrease in the conductance of the active Na transport pathway (J&J and the ratio (I$&&&) = EN~ remains essentiahy constant (Fig. 4B) . Further, the results of electrophysiologic studies (48) indicate conclusively that the decrease in C;?Na must be due to a decrease in the Na conductance of ihe apical membrane ( GEa). Thus, the decline in IF, during the transient appears to be almost entirely attributable to a decline in G$.
Similar findings have been reported by Leblanc and Morel (30) for the case of isolated frog skin.
These results clearly indicate that an increase in cell Na activity, (Na)., from the very low value that must obtain in tissues exposed to Na-free media for 1 h to the the Pump at the basolateral membrane or disruption of the apical barrier with amphotericin B leads to a further decrease and, ultimately, complete inhibition of G%. There are two other findings that have emerged from studies on in vitro. rabbit descending colon that are worthy of note.
First, the maximum lga (4-6 ,ueq* cmS2 l h-l) in Nadepleted cells abruptly exposed to solutions containing 140 mM Na is in excellent agreement with the steadystate rate of active Na absorption observed in the presence of aldosterone (11) and certain stimulatory anions (55) that also act by increasing GEa. This value is also in excellent agreement with the value observed when maximally effective concentrations of amphotericin B are present in the mucosal solution (56). Inasmuch as this fungicidal agent appears to eliminate the apical membrane as a resistive barrier (12, 17, 56) and, as noted above, intracellular Na activities measured in the presence of this agent approach those of the solution bathing the mucosal surface of the tissue (17), it is not unreasonable to conclude that the rate of active Na transport in the presence of amphotericin B reflects the maximal rate of the pump mechanism under these conditions. It follows that Na-depletion, maximally effective concentrations of aldosterone, or certain stimulatory anions increase GKa to the point where lEa is equal to the maximum ability of the basolateral pump to actively extrude Na. However, in contrast to the action of amphotericin B, aldosterone and the stimulatory anions do not increase GFa when the tissue is spontaneously absorbing Na at the maximal rate. This point is illustrated in Figs. 5 and 6. Figure 5 illustrates the effect of increasing concentrations of amphotericin B on the short-circuit current (I&), which provides a good measure of the rate of active Na transport even in the presence of this agent (11, 12), and the increase in tissue conductance (Gt). We see that A Isc reaches its maximum in the presence of an amphotericin B concentration of about 10 pg/ml. Further increases in the concentration of this agent lead to a further increase in Gt and the unidirectional influx of Na across the apical membrane (lZ), but this is not accompanied by an increase in I&. In contrast, as shown in Fig. 6 and discussed in the original paper (55) and the legend, when stimulatory anions are added to the mucosal solution of a tissue that is spontaneously absorbing Na at or near the maxi-S. G. SCHULTZ mal rate so that AI& H 0, there is no increase in the amiloride-inhibitable Gt or a&a. Further, we see that the maximum A& is associated with an amiloride-inhibitable Gt (J&J of 1.6 mmho/cm2; as shown in Fig. 4B , this is in excellent agreement with the maximum value of a GN a in Na-depleted cells.
How can we interpret these findings? Lindemann and his associates (personal communication) have accrued evidence that a variety of conditions that bring about an increase in the Gga of frog skin and toad urinary bladder do so by increasing the number of open or active Na channels rather than by increasing the single-channel conductance to Na. If this is generally true for Na-transporting epithelia, the findings cited above permit the following speculations.
I) The maximal number of open or active Na channels in the apical membrane is closely "geared" to the maximal activity of the basolateral pump mechanism so that the maximal rate of Na entry into the cell through these physiologic channels, propelled by a near-constant driving force, does not exceed the maximal ability of the pump to extrude Na.
2) This maximal number of open channels is operative when (N-a), = (Na)c = 0 but is reduced with increasing Wa) c.3
3) Stimulatory anions and aldosterone bring about a maximal I& and Gga and appear to "override" the effect of (Na)c on G Ea, thereby maximizing the number of open Na channels.
Clearly, the negative feedback of (Na)c on GEa together with a maximum G$ that limits the rate of Na entry into the cell to the rate that can be handled by the pump mechanism at the basolateral membrane will serve to prevent Ia from exceeding &, thereby avoiding one of the hazards of "flush-through."
Role of Calcium in Regulating the Apical Na Conductance
The notion that intracellular Ca may influence the permeability of the apical membrane to Na stems from the observation of Grinstein and Erlij (18) that the decrease in the rate of active Na transport by frog skin when the inner bathing solution is rendered Na free is dependent on the presence of Ca in the bathing medium and that *%a uptake by the epithelium across the basolateral (inner) membrane is increased in the presence of low Na medium. These investigators suggested the presence of a Na-Ca countertransport process at the basolateral membrane that is, at least in part, responsible for maintaining a low intracellular free Ca activity, (Ca),. This countertransport mechanism has been the subject of extensive study in nonepithelial cells (2), and it seems clear that it can mediate the extrusion of Ca from the cell against a very steep electrochemical potential difference energized by the coupling of this movement to the flow of Na into the cell down a steep electrochemical -- is much slower and must be related to the increase in (Na),.
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http://ajprenal.physiology.org/ potential difference. It follows that removal of Na from the inner or serosal solution would abolish the driving force for Ca extrusion by this mechanism and, indeed, that the process could be reversed, leading to an increase in cytoplasmic free Ca derived from the serosal solution. Similarly, it has been argued that an increase in (Na)c in the presence of a normal Na-containing serosal solution would decrease the electrochemical potential difference for Na across the basolateral membrane and result in an increase in (Ca),; the latter could be the immediate mediator of the "negative feedback" between (Na)c and G ita* The experimental basis of this model has been recently reviewed in detail by Taylor and Windhager (52) and Taylor (51). Suffice it to say that while this model for intracellular regulation of apical membrane permeability is attractive (it is difficult to exclude cell Ca from any regulatory role these days!), the data base is incomplete. The most compelling evidence for Na-Ca countertransport at the basolateral membrane of intact cells stems from the elegant studies of Lee et al. (31) on Necturus proximal tubule employing Ca-selective liquid ion-exchanger microelectrodes.
These investigators demonstrated that under control conditions (Ca), averaged approximately 0.1 FM and increased to approximately 0.4 PM within 6 min after the Na concentration in the fluid perfusing the basolateral (peritubular) membranes was reduced from 100 to 10 mM; 2-3 min after restoration of the control perfusate, (Ca), declined to the control value.
However, there is no evidence that (Ca), increases with increasing (Na)c over the physiologic range in the presence of normal bathing solutions. Clearly, direct measurements of the relation(s) among .( Na),, Gga, and (Ca), are needed before this issue can be resolved; obtaining these measurements will be a formidable feat. RELATION BETWEEN "PUMP ACTIVITY" AND THE
CONDUCTANCE OF BASOLATERAL MEMBRANES
As alluded to above, MacRobbie and Ussing (41) found that when the inner surface of frog skin is bathed with a Ringer solution in which K replaces Na, the tissue swells presumably due to diffusional flow of KC1 accompanied by water into the cells; ouabain in the inner solution prevented this swelling, leading to the conclusion that in the presence of this glycoside ". . . the permeability of the inner membrane to KC1 is abnormally low.. . ." The effect of ouabain on the conductance of the inner membrane of frog skin, G", has recently been investigated by Helman et al. (21) using intracellular microelectrodes. These investigators found that shortly after ouabain is added to the inner bathing solution, there is an abrupt decrease in G" followed by a further decrease at a slower rate. They attributed the abrupt decrease to direct inhibition of a rheogenic pump (see below) and the slower decrease to a fall in (K),.
Recently, electrophysiologic studies on several epithelia4have disclosed the converse effect, namely, an increase in G" with increasing pump activity. Figure 7 illustrates the relation between 1s~ and GS for frog skin [derived from the data of Helman and Fisher (2O)l and Necturus urinary bladder (Y. Suzuki, S. M. Thompson and S. G. Schultz, unpublished observations). Clearly, in these "tight" epithelia, there is a direct relation between pump activity (as reflected by the 1s~) and GS. Higgins et al. (22) arrived at the same conclusion from their studies on Necturus urinary bladder.
A similar conclusion emerges from the observations of Gunter-Smith et al. (19) on the "leaky" epithelium Necturus small intestine. These investigators found that the addition of alanine or galactose to the mucosal bathing solution results in a rapid depolarization of the electrical potential difference across the apical membrane that reverses polarity (the cell interior becomes electrically positive with respect to the mucosal solution); this is accompanied by a marked decrease in the ratio of the apical-to-basolateral membrane resistances (R "/R ") (Fig. 8A) . These effects can be readily attributed to the activation of Na-coupled influx processes for these neutral solutes that essentially opens new conductive pathways across the apical membrane. These initial effects, urinary bladder (Y. Suzuki, S. M. Thompson and S. G. Schultz, unpublished observations). Clearly, in these "tight" epithelia, there is a direct relation between pump activity (as reflected by the 1s~) and GS. Higgins et al. (22) arrived at the same conclusion from their studies on Necturus urinary bladder.
A similar conclusion emerges from the observations of Gunter-Smith et al. (19) on the "leaky" epithelium Necturus small intestine. These investigators found that the addition of alanine or galactose to the mucosal bathing solution results in a rapid depolarization of the electrical potential difference across the apical membrane that reverses polarity (the cell interior becomes electrically positive with respect to the mucosal solution); this is accompanied by a marked decrease in the ratio of the apical-to-basolateral membrane resistances (R ,/Rs) (Fig. 8A) . These effects can be readily attributed to the activation of Na-coupled influx processes for these neutral solutes that essentially opens new conductive pathways across the apical membrane. These initial effects, ALANINEhowever, were followed by a slow repolarization of the R"/R" ratio is due to a decrease in Rs that can also apical membrane and a restoration of the R"/R" ratio to 3r near control values (Fig. BA) ; this phase was accomaccount for the repolarization of the apical membrane. Analysis of an equivalent electrical circuit model of the panied by an increase in I& and was abolished by met-epithelial cell indicated that a twofold increase in the sbolic inhibitors (Fig. BB) . Further studies indicated, rate of active Na absorption resulting from the coupled conclusively, that the energy-dependent increase in the entry of Na and alanine or galactose across the apical 
Origin of the Change in Gs and Its Physiologic Significance
There is considerable evidence that the basolateral membrane of Na-transporting epithelia may be viewed as a rheogenic (current-generating) pump in parallel with leak pathways where the latter are dominated by the partial ionic conductance of the barrier to K (G% ) (40). Thus, in principle, a change in Gs with changing pump activity could be the result of a change in the contribution of the pump itself to G", a change in G& or, less likely, a change in the conductance of some other parallel leak pathway.
Unfortunately, there is at present no direct information regarding the current-voltage (I-V) relations of the basolateral pump for any epithelium, so that we cannot predict how a change in pump current (I;) will affect G". Marmor (42) has presented evidence that the activity of the rheogenic Na pump of the giant neuron of the mollusc Anisodoris is independent of the membrane potential over the range -30 to -100 mV. Similarly, Brinley and Mullins (3) have reported that carrier-mediated Na efflux and K influx across the membrane of squid giant axon are independent of the membrane potential over the range -10 to -90 mV. If these findings can be extrapolated to epithelia, they suggest that the Na-K pump operates as a constant current source with a high ("infinite") internal resistance and, thus, does not contribute significantly to Gs. If so, the most likely explanation for the increase in G" associated with an increase in pump activity is that the latter somehow leads to an increase in G&. Such an increase would serve two physiologically important functions.
First, if the Na:K stoichiometry of the basolateral pump is invariant (and this is yet to be established), an increase in Na extrusion from the cell will be accompanied by a parallel increase in K uptake. This would lead to an inordinately high intracellular K content unless the rate of K diffusion out of the cell parallels the increased rate of K uptake (see Fig. 1 ). This could be accomplished by a decrease in qcs (i.e., a depolarization of the electrical potential difference across the basolateral membrane), an increase in Gk, or both. However, r does not appear to be markedly influenced by wide variations in the rate of Na transport in frog skin (20); Necturus urinary bladder (22) and small intestine (19, 57); or rabbit urinary bladder (33) and descending colon (48,54). Consequently, the only way K exit from the cell can parallel a supposed increase in K uptake is via an increase in G&. White (57) has reported that (K)c and qcs of Amphiuma small intestine cells are not affected by the presence or absence of glucose in the bathing medium. Although the rate of Na transport was not measured in these studies, one can be quite certain that it was considerably increased in the presence of glucose. Therefore, if this were associated with an increase in K uptake across the basolateral membrane, one can safely infer that the constancy of (K), was due to an increase in Gk. More direct evidence for an increase in K permeability associated with an increase in pump activity derives from recent studies on rat hepatocytes. Kristensen (26) found that the addition of alanine to the suspension medium resulted in a marked stimulation of Na influx coupled to the influx of the amino acid, a fivefold increase in K permeability, and no change in (K),. This investigator speculated that the increase in K permeability was associated with an increase in Na-K pump activity and that, together, they served to support the transmembrane electrochemical potential gradient for Na. These results and conclusions are analogous to those of Gunter-Smith et al. (19) for Necturus small intestine.
A second, perhaps less obvious, physiologic "advantage" of an increase in Gk associated with an increase in Na pump activity is a consequence of the electrical "feedback" between the properties of the basolateral membrane and those of the apical membrane resulting from the presence of a finite "shunt pathway" that electrically "connects" these two barriers. This point was discussed previously (47) with regard to Na-coupled cotransport processes across the apical membrane, but the principle is equally applicable to any conductive Naentry process. A simple equivalent electric circuit model of the epithelial cell and the paracellular route is illustrated in Fig. 9 , where Em is the Thevenin equivalent electromotive force across the apical membrane and R" is the resistance of that barrier, Es and R" are the and under short-circuit conditions or when RP < RS (e.g., some very "leaky" epithelia) Or = (R'E" -R"E")/(R" + R")
Clearly, a decrease in Rm (e.g., antidiuretic hormone, aldosterone, rheogenic Na-coupled entry mechanisms, etc.) would, by itself, bring about a depolarization of the apical membrane (qmc would become less negative or more positive), thereby reducing the driving force for Na entry into the cell. In other words, if the increase in the rate of Na entry is due to an increase in the conductance of the apical membrane alone (Fig. 3) , this would pari passu result in a decrease in the driving force of the entry process; clearly, this is somewhat self-defeating. If, however, the consequent increase in pump activity brings about a decrease in R", this will tend to hyperpolarize 4"" (more negative or less positive) and restore the electrical driving force of the entry process; this point is illustrated clearly in Fig. 8A . Indeed, if the R"/R" ratio is constant and independent of INa, then, according to equation 3, o$~" will also be independent of I&. That is to say, the feedback mechanism would tend to maintain the electrical driving force for Na entry constant in the face of changes in G&+ This may be, at least in part, the explanation for the linear relation between 01% and &$& discussed above (Fig. 3) Mechanism of the Relation Between Gk and Pump Activity I t should be stated at the outset tha .t the mechanism bY which an increase in pump activity may result in an increase in Gk is entirely obscure. Higgins et al. (22) speculated that this could arise ". . . if the passive K-leak permeability were an inherent property of the Na-K pump or were mechanism." regulated by an intracellular feedback
These two possibilities warrant brief consideration. The notion that "leaks" (or "dissipators") are inherent properties of the "pump" derives some support from the arguments marshalled by Lew and Beauge (32) for the case of erythrocytes (the "all pump model")? Accordingly, it is possible that an increase in transcellular Na transport is the result of the recruitment of more pump units and, simultaneously, more leak units. Clearly, this notion does not immediately suggest an experimental approach by which it could be tested?
The notion that the increase in Gk with increasing pump activity is mediated by some intracellular messenger also has some experimental precedent. It is well established that variations in intracellular Ca activity within the physiologic range markedly influence the increase the sensitivity of the K channel to Ca. It is intriguing to speculate that an increase in cell Ca and/or a local decrease in ATP associated with increased pump activity is responsible for a parallel increase in Gk. Clearly, this notion is more amenable to experimental tests than is the former.
Finally, in light of the evidence that intracellular Ca may be the direct mediator of the negative feedback between (Na)c and G Ea and the above speculation, it is difficult to resist a final conjecture: namely, that under physiologic conditions cell Ca is the common mediator responsible for the cooperative dialogue between the pump and leaks (GEa and Gk) necessary to avoid extinction by "flush-through."
Thus, it is possible to visualize the following scenario.
Under physiologic conditions: 1) An increase in (Na)c resulting from an increase in G&, brings about an increase in pump activity and transcellular Na transport. 2) At the same time, the increase in (Na)c results in an increase in (Ca),. 3) This increase in (Ca), "limits" the increase in Gga and, at the same time, increases Gk. 4) In the final analysis, this dual servo-mechanism permits an increase in transcellular Na transport and, at the same time, protects the intracellular milieu.' the micromolar range results in a marked increase in K permeability.
This gppears to be the only well-established, intracellular, "physiologic" modulator of the permeability of K channels in biologic membranes. Further, there is evidence that the sensitivity of the K channel to Ca is modulated by intracellular ATP or some other metabolite (32); a decrease in ATP appears to permeability of erythrocytes and several other cell types (32) to K (the "Gardos effect"); an increase in (Ca), in SUMMARY
The Koefoed-Johnsen-Ussing double-membrane model has withstood exhaustive examination during the past two decades and appears to have emerged reasonably intact and unscathed. The remarkable thing is that it works! Clearly, it cannot work if the two limiting membranes function independently because this could lead to a lethal conflic t. During the past few years, efforts http://ajprenal.physiology.org/ membranes have disclosed intracellular feedback and/or regulatory processes that appear to constrain the pump and the lea ks at the apical and basol .ateral membranes to keep pace with one another and, thereby, to permit rapid andlarge changes in the rate of transcellular Na transport without seriously assaulting intracellular ionic content and volume. The generality of these processes and their underlying mechanisms are unclear, but there is suggestive eviden .ce that cell Ca may be involved. The resolu-
